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A B S T R A C T   
Tagatose is a rare sugar metabolised by a limited number of microorganisms that inhibits a large spectrum of 
phytopathogens. In particular, tagatose inhibited Phytophthora infestans growth and negatively affected mito-
chondrial processes. However, the possible effects of tagatose on P. infestans metabolism have not yet been 
investigated. The aim of this study was to analyse the impact of this rare sugar on the sugar metabolism in 
P. infestans, in order to better understand its mode of action. Tagatose inhibited the growth of P. infestans with a 
precise reprogramming of the carbohydrate metabolism that involved a decrease of glucose, glucose-1-phosphate 
and mannose content and β-glucosidase activity. The combination of tagatose with common sugars led to three 
different responses and highlighted antagonistic interactions. In particular, glucose partially attenuated the 
inhibitory effects of tagatose, while fructose fully impaired tagatose-mediated growth inhibition and metabolite 
changes. Moreover, sucrose did not attenuate tagatose effects, suggesting that the inhibition of sucrose catab-
olism and the alteration of glucose-related pathways contributed to the growth inhibition caused by tagatose to 
P. infestans. The interactions of tagatose with the common sugar metabolism were found to be a key mode of 
action against P. infestans growth, which may represent the basis for the further development of tagatose as an 
eco-friendly fungicide.   
1. Introduction 
Rare sugars have been defined as monosaccharides and their de-
rivatives that rarely exist in nature (Granström et al., 2004) and they 
include hexoses (e.g., tagatose, allose, gulose, and sorbose) and pentoses 
(e.g., lyxose, xylulose, and xylitol) (Ahmed, 2001; Jayamuthunagai 
et al., 2017). Conversely, common sugars are frequently found in the 
environment and they include well characterised sugars, such as 
glucose, fructose and their derivatives (Zhang et al., 2017). Although 
rare sugars are mainly known as low-calorie sweeteners (Levin, 2002; 
Matsuo et al., 2002), they acquired medical interest as anticancer 
(Beerens et al., 2012), anti-hyperglycaemic (Hossain et al., 2015; Lu 
et al., 2008), anticariogenic (Wong, 2000; Yun et al., 2017) and prebi-
otic molecules (Bertelsen et al., 1999; Vastenavond et al., 2012). 
Moreover, the development of novel enzymatic and microbial processes 
lowered the production costs of rare sugars and extended their 
application to numerous disciplines, environmental and agricultural 
science included (Izumori, 2006; Li et al., 2013). 
Among the rare sugars, tagatose is a ketohexose, C-4 epimer of 
fructose and isomer of galactose, and it is used as a low-calorie sweet-
ener, substitute of sucrose (Kim, 2004). Tagatose can be added to bev-
erages, health foods and dietary products since it was generally 
recognised as safe by the Food and Drug Administration (Kim, 2004; 
Levin, 2002). Only about 20 % of ingested tagatose is absorbed and 
metabolised in the human gut (Bertelsen et al., 1999; Vastenavond et al., 
2012) and the unabsorbed fraction is fermented by the gut microbiota 
(Bertelsen et al., 2001). However, tagatose can be used as source of 
carbohydrates by a restricted range of microbial taxa and it can be used 
only by some bacterial species as phosphorylated intermediate of the 
tagatose-6-phosphate pathway in the lactose, galactose and galactitol 
catabolism (Van der Heiden et al., 2013), indicating selective nutritional 
or antinutritional effects on specific microbial taxa. Tagatose is 
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fermented only by specific gut microorganisms (e.g. Enterococcus faecalis 
and Lactobacillus spp.) (Bertelsen et al., 2001) and inhibits the growth of 
numerous human pathogenic bacteria (e.g. Campylobacter spp., Salmo-
nella typhi and Escherichia coli) (Bertelsen et al., 2001; Lobete et al., 
2017). Thus, tagatose can act as a human prebiotic product, enhancing 
the growth of beneficial microorganisms and inhibiting that of bacterial 
pathogens (Bertelsen et al., 2001; Vastenavond et al., 2012). 
A similar prebiotic effect was observed in plants, where tagatose 
increased the relative abundance of some plant beneficial microorgan-
isms associated with the grapevine phyllosphere (Alternaria spp., Aur-
eobasidium spp., Exiguobacterium spp. and Exophiala spp.) (Perazzolli 
et al., 2020). Moreover, the main beneficial effect of tagatose on 
grapevines was linked to the inhibition of oomycete and fungal phyto-
pathogens, such as Plasmopara viticola and Erysiphe necator (Perazzolli 
et al., 2020). Tagatose can inhibit the growth of a wide range of phy-
topathogens and it was patented for the control of numerous crop dis-
eases, including tomato and potato late blight (Ohara et al., 2008). Late 
blight, caused by the oomycete pathogen Phytophthora infestans, is one of 
the most devastating plant diseases (Agrios, 2005) and it represents a 
major threat to global food security, costing billions of dollars every year 
in terms of control efforts and production losses (Fry, 2008). As the 
control of late blight requires the use of chemical fungicides with po-
tential harmful effects on the environment and human health (Fry, 
2008), the demand for eco-friendly alternatives has increased (Axel 
et al., 2012). Tagatose could represent a valid alternative to chemical 
fungicides, thanks to the absence of negative impacts on human health 
(Ohara et al., 2008). However, further studies are needed on tagatose 
mode of action against phytopathogens and on the mechanisms under-
lying its growth inhibitory effects, in order to further develop efficient 
biofungicides. For instance, tagatose was able to inhibit the growth of 
P. infestans in vitro by decreasing the respiration processes and ATP 
content (Chahed et al., 2020), but further inhibitory effects on the 
metabolism of P. infestans have not yet been unravelled. It is known that 
rare sugars (e.g. psicose, sorbose and arabinose) are able to inhibit the 
activity of some enzymes (e.g. glucose-6-phosphate-dehydrogenase and 
disaccharidase) involved in the common sugar metabolism of mamma-
lian cells (Matsuo et al., 2001; Oku et al., 2014; Seri et al., 1996). In 
particular, tagatose inhibited the activity of intestinal disaccharidases 
responsible for the sucrose and maltose metabolism (Seri et al., 1995), 
and one of its derivatives (tagatose-1-phosphate) was involved in the 
regulation of glycogen synthesis and catabolism (Agius, 1994; Lu et al., 
2008). Likewise, another tagatose derivative (tagatose 6-phosphate) 
inhibited the transaldolase of E. coli (Stellmacher et al., 2016). There-
fore, it is of crucial importance to investigate possible interactions be-
tween the metabolism of rare and common sugars, in order to clarify the 
growth inhibition mechanisms. For example, tagatose caused a growth 
retardation of Streptococcus mutans and the inhibitory effect was atten-
uated by the presence of fructose, but not of glucose (Hasibul et al., 
2018), suggesting the presence of antagonistic interactions between rare 
and common sugar metabolism. However, interactions between rare and 
common sugars have never been studied in the case of environmentally 
and agriculturally relevant microorganisms. The objective of this study 
was to investigate the interactions between tagatose and the metabolism 
of common sugars in P. infestans, with particular attention to the first 
intermediates of the glycolysis and some intermediates of the tricar-
boxylic acid cycle, in order to elucidate the mode of action of tagatose 
and to identify possible attenuation effects of common sugars on the 
growth inhibitory properties of tagatose. 
2. Materials and methods 
2.1. Phytophthora infestans sugar treatment, growth conditions and 
radial growth assessment 
Phytophthora infestans strain VB3 was stored in glycerol at -80 ◦C in 
the fungal collection of the Fondazione Edmund Mach (Italy) and it was 
maintained in Petri dishes on pea agar medium (PAM, 12.5 % frozen 
peas and 1.2 % agar in distilled water) at 18 ◦C (Chahed et al., 2020). 
Phytophthora infestans plugs (5 mm diameter) were cut from the edge 
of 10-day-old colonies and a plug was placed at the centre of each Petri 
dish (90 mm diameter) on PAM covered by a cellophane layer (90 mm 
diameter) to facilitate subsequent mycelium collection. Eight treatments 
were analysed, PAM as control (Control-incubated), PAM augmented 
with 5 g L− 1 tagatose (Tag-incubated), 5 g L− 1 glucose (Glu-incubated), 
5 g L− 1 fructose (Fru-incubated, 5 g L− 1) or 5 g L− 1 sucrose (Suc-incu-
bated) and PAM augmented with the combination of tagatose (5 g L− 1) 
and a common sugar (5 g L− 1), such as tagatose and glucose (Tag-Glu- 
incubated), tagatose and fructose (Tag-Fru-incubated), tagatose and 
sucrose (Tag-Suc-incubated). Dishes were incubated at 18 ◦C and 
P. infestans radial growth was assessed four and ten days after incubation 
(DAI), as the average of the two perpendicular diameters, subtracted the 
plug diameter and divided by two. Five replicates were analysed for 
each treatment and the experiment was carried out twice. 
2.2. Quantification of Phytophthora infestans metabolites 
Mycelium plugs (200 mg) were collected at 4 and 10 DAI with a 
sterile scalpel, frozen in liquid-N2 and kept at − 80 ◦C and ground using a 
mixer mill disruptor (MM200, Retsch, Haan, Germany) at 25 Hz for 45 s 
with sterile steel jars and beads refrigerated in liquid-N2. The metabolite 
extraction was carried out as previously described (Chitarrini et al., 
2017) with slight modifications and the content of tagatose, glucose, 
fructose, galactose, mannose, sucrose, glucose-1-phosphate (gluco-
se-1-P), glucose-6-phosphate (glucose-6-P), citric acid, succinic acid, 
malic acid, α-ketoglutaric acid, 3-hydroxy-3-methylglutaric acid (HMG), 
ribose and myo-inositol was measured by gas chromatography-mass 
spectrometry (GC–MS) analysis according to Chitarrini et al. (2017). 
Briefly, 100 mg of ground mycelium was subjected to extraction by 
adding 900 μL of cool (− 20 ◦C) extraction solvent (iso-
propanol/acetonitrile/water, 3:3:2 v/v/v), a 10 μL aliquot of a solution 
containing nicotinic-D4, and glucose-D7 (1000 mg L− 1) was added as an 
internal standard. The extraction mixture was vortexed for 10 s, shaken 
at 4 ◦C for 5 min and centrifuged at 12,000 × g for 2 min at 5 ◦C. A 
second round of extraction was carried out following the same proced-
ure. The two supernatants were merged and re-suspended in a final 
volume of 2 mL using the extraction solvent. A total of 200 μL of su-
pernatant was placed in a 1.5 mL tube and evaporated to dryness under 
N2. The residue was re-suspended in 500 mL of acetonitrile/water 
(50:50 v/v), vortexed for 10 s, sonicated, vortexed again 10 s and 
centrifuged at 12,000 × g for 2 min. The supernatant was then trans-
ferred into a 2 mL high recovery vial and dried out under N2. The dried 
extract was subjected to online derivatisation performed by the auto-
sampler just before the injection of the sample. The derivatization pro-
cedure can be divided in two steps: first 20 μL of methoxamine 
hydrochloride in pyridine (20 mg mL− 1) was added to inhibit cyclisation 
of reducing sugars and shaken at 30 ◦C for 1 h; then 80 μL of N-meth-
yl-Ntrimethylsilyl-trifluoroacetamide with 1% trimethylchlorosilane 
was added for the trimethylsilylation of acidic protons and shaken at 37 
◦C for 30 min. Finally, 5 μL of a solution containing decane (1000 mg 
L− 1) and heptadecane (1000 mg L− 1) were added in order to monitor the 
chromatographic analysis and the instrumental conditions. One micro-
liter of derivatised extract was injected for GC–MS analysis. Analyses 
were performed using a Trace GC Ultra combined with a mass spec-
trometer TSQ Quantum GC and an autosampler Triplus RSH equipped 
with automatic tool change (Thermo Electron Corporation, Waltham, 
MA, United States). An RXI-5-Sil MS w-Integra-GuardR (fused silica) (30 
m × 0.25 mm × 0.25 mm) column was used for compound separation. 
Helium was used as the carrier gas at 1.2 mL min− 1 and the injector split 
ratio was set to 1:10. The injector, transfer line and source temperature 
were set to 250 ◦C. The initial oven temperature was kept at 65 ◦C for 2 
min, increased by 5.2 ◦C min− 1 to 270 ◦C and held at 270 ◦C for 4 min. 
The mass spectrometer was operated in electron ionisation mode. Data 
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acquisition was performed in full scan mode from 50 to 700 m/z. Data 
processing was performed using XCALIBUR 4.0 software (Thermo Fisher 
Scientific, San Jose, CA, USA). 
Each metabolite was quantified as mg kg− 1 of mycelium fresh 
weight, using a calibration curve of each pure compound (Sigma- 
Aldrich, Merc, Kenilworth, NJ, USA) dissolved in methanol:water 80:20 
mix within a range of 0.01 mg L− 1 and 1200 mg L− 1. Compound iden-
tification was obtained using one or, in the case of a few compounds, two 
specific mass to charge ratios (m/z ratio) characteristics for the indi-
vidual metabolites (extracted ion monitoring) and excluding saturated 
fragments. Three replicates were analysed for each treatment. In order 
to obtain sufficient mycelium powder, each replicate was a pool of 35 
and 24 plugs in the case of Tag- and Tag-Suc-incubated samples at 4 and 
10 DAI, 20 and eight plugs for the other treatments at 4 and 10 DAI, 
respectively. 
2.3. 1,3-β-Glucan quantification 
Mycelium plugs were collected with a sterile scalpel at 10 DAI. The 
content of 1,3-β-glucan (β-glucan content) was assessed using the aniline 
blue assay, as previously described (Fortwendel et al., 2009). Briefly, 
frozen mycelium of P. infestans was lyophilised for 24 h in a 1.5 mL-tube 
using LyoLab 3000 (Heto, Allerød, Denmark). The lyophilised mycelium 
(5 mg) was re-suspended in 500 μL of 1 M NaOH, sonicated 30 s and 
incubated at 52 ◦C for 30 min as solubilisation process and two technical 
replicates of each sample (50 μL) were aliquoted in a clear 96-well plate 
(Corning, New York, NY, USA) for β-glucan quantification and the 
remaining volume (100 μL) was used for protein quantification. 
For β-glucan quantification, 185 μL of aniline blue mix (40 mL of 0.1 
% aniline blue in sterile distilled water, 21 mL of 1 N HCl and 59 mL of 1 
M glycine in NaOH buffer, pH 9.5) was added to each well. Dilutions of 
curdlan (Carbosynth, Berkshire, UK) were prepared as standard curve 
(0, 1, 5, 10, 25, 50, 100 and 200 μg mL− 1), from a stock solution of 1 mg 
mL− 1 prepared dissolving curdlan in 1 M NaOH at 80 ◦C for 30 min 
(Shedletzky et al., 1997). The plate was incubated in the dark for 30 min 
at 52 ◦C and cooled at room temperature until fully decolorised. Fluo-
rescence was acquired at 405 nm excitation and 460 emission using a 
Synergy 2 Multi-Mode Microplate Reader (Biotek, Winooski, VT, USA). 
For protein quantification, 100 μL of each sample was mixed with 
100 μL of Bradford reagent (Pierce Coomassie Plus, Thermo Fisher Sci-
entific) in a 96-well clear microplate (Corning). Samples were incubated 
for 10 min at room temperature and the absorbance was measured at 
595 nm (A595) with a Synergy 2 Multi-Mode Microplate Reader (Biotek). 
A standard curve of bovine serum albumin (Sigma-Aldrich; 0, 0.001, 
0.005, 0.01, 0.025, 0.05 and 0.1 mg mL− 1) was used as reference to 
determine the protein concentration and the samples were diluted in 
sterile distilled water (appropriated dilutions to A595 <1.5). β-glucan 
content was expressed as β-glucan per unit of total proteins (mg mg− 1). 
Five replicates were used for each treatment and the experiment was 
carried out twice. In order to obtain sufficient mycelium powder, each 
replicate was a pool of 20 plugs in the case of Tag- and Tag-Suc- 
incubated samples and three plugs for the other treatments. 
2.4. β-glucosidase activity assessment 
Mycelium plugs (500 mg) were collected with a sterile scalpel at 10 
DAI, washed twice in 50 mM phosphate buffer pH 7 and frozen at − 20 ◦C 
until subsequent analysis. The frozen mycelium was ground in 1 mL of 
50 mM phosphate buffer pH 7 in stainless-steel jars (pre-cooled at -80 
◦C) at 20 Hz for 1 min using a mixer mill disruptor (MM200, Retsch, 
Haan, Germany) and centrifuged at 21,000 × g for 15 min at 4 ◦C. The 
supernatant was immediately processed using the β-glucosidase Activity 
Assay Kit (Sigma-Aldrich, Merc, Kenilworth, NJ, USA), following the 
manufacturer instructions, and it was used for the β-glucosidase activity 
assay and for protein quantification. 
For the β-glucosidase activity assay, two technical replicates (20 μL) 
of each sample were aliquoted in a clear 96-well plate (Corning) and 200 
μL master mix (192.3 μL of Assay Buffer and 7.7 μL of β-NPG Substrate) 
were added to each sample. As blank, 220 μL of sterile distilled water 
was added to a well of the 96-well plate. In a different well, 20 μL of 
sterile distilled water was mixed with 200 μL of the calibrator provided 
in the kit. The initial absorbance of each sample was measured at 405 
nm (A405) on a Synergy 2 Multi-Mode Microplate Reader (Biotek). The 
plate was then incubated in the dark at 37 ◦C for 20 min and the final 
A405 was measured. The enzymatic activity (Units mL− 1) was calculated 
according to the following formula: β-glucosidase activity = [A405(final) – 
A405(initial)] / [A405(calibrator) – A405(blank)] × 250; where A405(calibrator) 
and A405(blank) were the A405 measured at 20 min. 
For protein quantification, 100 μL of each sample was mixed with 
100 μL of Bradford reagent (Pierce Coomassie Plus, Thermo Fisher Sci-
entific) in a 96-well clear microplate (Corning). Samples were incubated 
for 10 min at room temperature and the A595 was measured with a 
Synergy 2 Multi-Mode Microplate Reader (Biotek). A standard curve of 
bovine serum albumin (Sigma-Aldrich; 0, 0.001, 0.005, 0.01, 0.025, 
0.05 and 0.1 mg mL− 1) was used as reference to determine the protein 
concentration of each sample. The β-glucosidase activity was then 
expressed as unit of β-glucosidase per unit of total proteins (U mg− 1) as 
reported in Cordero Otero et al. (2003). Three replicates were used for 
each treatment and the experiment was carried out twice. In order to 
obtain sufficient mycelium powder, each replicate was a pool of 24 plugs 
in the case of Tag- and Tag-Suc-incubated samples and 10 plugs for the 
other treatments. 
2.5. Statistical analysis 
Data were analysed with PAST 2.17c (Hammer et al., 2001). For 
radial growth, β-glucosidase activity and β-glucan content the 
Kruskal-Wallis test was used to demonstrate non-significant differences 
between the two experimental repetitions (P > 0.05) and the data from 
the two experimental repetitions were pooled. For radial growth and 
β-glucosidase activity, a Kruskal-Wallis test was used on untransformed 
data to detect significant differences among treatments (P ≤ 0.05) based 
on Mann-Whitney Bonferroni corrected P-values (P ≤ 0.05) (Zar, 1996). 
For metabolite data, the missing values were imputed with a random 
value between zero and the limit of quantification (LOQ) (Chitarrini 
et al., 2017). Data of metabolite and β-glucan content were Log10 
transformed, the normal distribution was validated by the Shapiro-Wilk 
test (P > 0.05), variance homogeneity was assessed with the F-test (P >
0.05) and significant differences between sugar-incubated (Glu-, Fru-, 
Suc-, Tag-, Tag-Glu-, Tag-Fru- and Tag-Suc-incubated sample) and 
control (Control-incubated) samples were assessed for each metabolite 
using a parametric two-sample test (Student’s t-test, P ≤ 0.05) (Mar-
idueña-Zavala et al., 2017). If variance homogeneity (F-test, P ≤ 0.05) or 
normal distribution of the data (P ≤ 0.05) were not satisfied, the Welch 
t-test or the Mann-Whitney test were used as non-parametric two-sample 
tests (P ≤ 0.05), respectively (Xi et al., 2014). Moreover, the 
Kruskal-Wallis test was used to detect significant differences among 
treatments (P ≤ 0.05) based on Mann-Whitney Bonferroni corrected 
P-values (P ≤ 0.05) (Zar, 1996) on Log10-transformed β-glucan content 
data. Changes in metabolite and β-glucan content were expressed as 
Log2-transformed fold change values between sugar-incubated (Glu-, 
Fru-, Suc-, Tag-, Tag-Glu-, Tag-Fru- and Tag-Suc-incubated sample) and 
control (Control-incubated) samples, as reported by Maridueña-Zavala 
et al. (2017), and visualised according to pathway maps of the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) for P. infestans T30− 4 
(T01333 KEGG). Significant differences in tagatose content between 4 
and 10 DAI were assessed in Tag-, Tag-Glu-, Tag-Fru-, and 
Tag-Suc-incubated samples using a Student’s t-test (P ≤ 0.05). The 
Kendall non-parametric correlation analysis was run between the mean 
values of P. infestans radial growth, β-glucan content, β-glucosidase ac-
tivity and metabolite content measured at 10 DAI. 
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3. Results 
3.1. Tagatose effects on Phytophthora infestans growth and metabolite 
content are modulated by common sugars 
Phytophthora infestans growth was lower in Tag-incubated samples 
compared to Control-, Glu-, Fru- and Suc-incubated samples at 4 and 10 
DAI (Fig. 1). Mycelial growth in Glu-, Fru- and Suc-incubated samples 
was comparable to the growth of Control-incubated samples at 4 and 10 
DAI. The combination of tagatose with a common sugar led to three 
different outcomes: i) radial growth in Tag-Glu-incubated samples was 
higher compared to that in Tag-incubated samples, but lower compared 
to that in Control-incubated samples at 4 and 10 DAI (partial growth 
inhibition of Tag-Glu incubation); ii) radial growth in Tag-Fru-incubated 
samples was comparable to that in Control-incubated samples at 4 DAI 
and higher compared to that in Tag-incubated samples at 4 and 10 DAI 
(restored growth of Tag-Fru incubation); iii) radial growth in Tag-Suc- 
incubated samples was comparable to that in Tag-incubated samples 
and lower compared to that in Control-incubated samples at 4 and 10 
DAI (growth inhibition of Tag-Suc incubation). 
In order to investigate the effects of tagatose on the common sugar 
metabolism, the metabolite content of P. infestans was assessed by 
GC–MS analysis. Glucose and glucose-1-P content was lower in Tag- 
incubated samples compared to Control-incubated samples at 4 and 10 
DAI, while that of fructose and galactose was higher (Fig. 2A, Table S1). 
At 10 DAI, the content of sucrose and mannose was higher and lower in 
Tag-incubated samples compared to Control-incubated samples, 
respectively. 
In Tag-Glu-incubated samples, glucose-1-P content was lower 
compared to Control-incubated samples at both time points (Fig. 2B). 
Glucose and galactose content was higher in Tag-Glu-incubated samples 
compared to Control-incubated samples at 4 DAI, while sucrose, fructose 
and mannose content was higher at 10 DAI (Fig. 2B). Comparing 
metabolite changes in Tag-Glu-and Tag-incubated samples, it was found 
that the presence of glucose partially attenuated metabolite changes 
caused by tagatose and impaired the tagatose-mediated decrease in 
glucose content (Fig. 2A and B). 
In Tag-Fru-incubated samples, fructose and galactose content was 
higher compared to Control-incubated samples at both time points, 
mannose and sucrose content was higher at 4 DAI at 10 DAI, respectively 
(Fig. 2C). Overall, the presence of fructose in Tag-Fru-incubated samples 
(Fig. 2C) impaired the decrease in glucose, glucose-1-P and mannose 
content found in Tag-incubated samples (Fig. 2A). 
In Tag-Suc-incubated samples, glucose and glucose-1-P content was 
lower compared to Control-incubated samples at 4 and 10 DAI, while 
fructose and galactose content was higher at both time points (Fig. 2D). 
Sucrose content was higher at 10 DAI in Tag-Suc-incubated samples 
compared to Control-incubated samples and to a greater extent 
compared to fold changes found in Tag-Glu- and Tag-Fru-incubated 
samples (Student’s t-test, P ≤ 0.05), in agreement with the higher 
availability of sucrose in the media (Table S1). Metabolite changes 
found in Tag-Suc-incubated samples were analogous to those in Tag- 
incubated samples (Fig. 2A and D). 
The content of glucose, glucose-1-P, glucose-6-P and galactose was 
comparable in Glu-, Fru-, Suc- and Control-incubated samples, with the 
exception of glucose and glucose-1-P in Glu-incubated samples at 4 and 
10 DAI, respectively (Fig. S1). The content of one (sucrose) and two 
(fructose and mannose) sugars was higher in Glu-, Fru- and Suc- 
incubated samples compared to Control-incubated samples at one (10 
DAI) and two (4 and 10 DAI) time points, respectively. 
The content of succinic and malic acid was lower in Tag- and Tag- 
Suc-incubated samples compared to Control-incubated samples at 4 
and 10 DAI, as well as that of α-ketoglutaric acid and HMG at 10 DAI 
(Table S1). Likewise, succinic acid content at 4 DAI and malic acid 
content at 4 and 10 DAI were lower in Glu- and Tag-Glu-incubated 
samples compared to Control-incubated samples. Myo-inositol content 
was higher in all sugar-incubated samples compared to Control- 
incubated samples at 10 DAI, except Suc- and Tag-Fru-incubated sam-
ples. As expected, tagatose was detected only in Tag-, Tag-Glu-, Tag-Fru- 
and Tag-Suc-incubated samples, but not in Control-, Glu-, Fru- and Suc- 
incubated samples. Moreover, tagatose content in Tag-, Tag-Glu-, Tag- 
Fru- and Tag-Suc-incubated samples was comparable between 4 and 10 
DAI (Student’s t-test, P > 0.05). 
3.2. Tagatose effects on β-glucan content and β-glucosidase activity of 
Phytophthora infestans are modulated by common sugars 
Phytophthora infestans β-glucan content was higher in Tag-incubated 
samples compared to Control-incubated samples at 10 DAI (Fig. 3). 
β-glucan content was higher in Glu- and Suc-incubated samples 
compared to Control-incubated samples, while it was comparable in Fru- 
and Control-incubated samples. β-glucan content was higher in Tag-Glu- 
, Tag-Fru- and Tag-Suc-incubated samples compared to Control- 
incubated samples and it was comparable to Tag-incubated samples 
and samples incubated with the respective common sugar (Glu-, Fru- or 
Suc-incubated samples). 
Phytophthora infestans β-glucosidase activity was lower in Tag- 
incubated samples compared to Control-incubated samples (Fig. 4). In 
Glu-, Fru- and Suc-incubated samples, β-glucosidase activity was com-
parable to Control-incubated samples. The combination of tagatose with 
a common sugar led to three different outcomes: i) β-glucosidase activity 
in Tag-Glu-incubated samples was comparable to that in Tag- and 
Control-incubated samples (β-glucosidase inhibition of Tag-Glu incu-
bation); ii) β-glucosidase activity in Tag-Fru-incubated samples was 
higher compared to that in Tag-incubated samples and it was compa-
rable to that in Control- and Fru-incubated samples (restored β-gluco-
sidase activity of Tag-Fru incubation); iii) β-glucosidase activity in Tag- 
Suc-incubated samples was comparable to that in Tag-incubated 
Fig. 1. Effect of tagatose and common sugars on Phytophthora 
infestans growth. Phytophthora infestans growth (mm) was 
assessed four (white) and ten (black) days after incubation 
(DAI) on pea agar medium in the absence (Control) and pres-
ence of 5 g L− 1 tagatose (Tag), 5 g L− 1 glucose (Glu), 5 g L− 1 
fructose (Fru) or 5 g L− 1 sucrose (Suc) and in the combination 
of 5 g L− 1 tagatose with 5 g L− 1 glucose (Tag-Glu), 5 g L− 1 
fructose (Tag-Fru) or 5 g L− 1 sucrose (Tag-Suc). The radial 
growth was calculated as average of the two perpendicular 
diameters subtracted by the plug diameter and divided by two. 
The Kruskal-Wallis test showed no significant differences be-
tween the two experimental repetitions (P > 0.05) and data 
from the two experiments were pooled. Bars represent mean 
and standard error values of ten replicates from the two ex-
periments for each treatment. Different lowercase and upper-
case letters indicate significant differences among treatments 
at 4 and 10 DAI respectively, according to Kruskal-Wallis test (P ≤ 0.05).   
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samples and it was lower compared to that in Control-incubated-samples 
(β-glucosidase inhibition of Tag-Suc incubation). 
Overall, correlations revealed that the radial growth of P. infestans 
was positively correlated with glucose-1-P, mannose content, succinic 
acid, malic acid and β-glucosidase activity at 10 DAI (Table 1). 
β-glucosidase activity was negatively correlated with galactose content 
and positively correlated with ribose content, while β-glucan content 
was negatively correlated with glucose-1-P content, α-ketoglutaric acid, 
Fig. 2. Metabolite changes in Phytophthora infestans caused by tagatose alone and combined with common sugars. Phytophthora infestans metabolite content was 
assessed four and ten days after incubation (DAI) on pea agar medium in the absence (Control-incubated) and presence of 5 g L− 1 tagatose (Tag-incubated), 5 g L− 1 
glucose (Glu-incubated), 5 g L− 1 fructose (Fru-incubated) or 5 g L− 1 sucrose (Suc-incubated) and in the combination of 5 g L− 1 tagatose with 5 g L− 1 glucose (Tag-Glu- 
incubated), 5 g L− 1 fructose (Tag-Fru-incubated) or 5 g L− 1 sucrose (Tag-Suc-incubated). Metabolite changes in Tag-incubated (A), Tag-Glu-incubated (B), Tag-Fru- 
incubated (C) and Tag-Suc-incubated (D) samples were calculated as Log2 (fold change) values as compared with the Control-incubated samples. For each metabolite, 
Log2 (fold change) mean and standard error values of three replicates at 4 DAI (left box of each metabolite) and 10 DAI (right box of each metabolite) are shown. 
Significantly higher (green) or lower (red) metabolite content compared to the control are highlighted, according to parametric or non-parametric two-sample tests 
(P ≤ 0.05) on Log10-transformed metabolite content (mg kg− 1). Enzyme that catalyse the key chemical reactions are reported according to the KEGG pathway maps of 
P. infestans: 3.2.1.26, invertase; 2.7.1.2, glucokinase; EC 3.1.3.10, glucose-1-phosphatase; 5.4.2.2, phosphoglucomutase. Metabolite changes caused by the common 
sugars are reported in Fig. S1 and the complete results of metabolite quantification are reported in Table S1. Abbreviations: Glucose-6-P, glucose-6-phosphate; 
Glucose-1-P, glucose-1-phosphate. 
Fig. 3. Effect of tagatose and common sugars on β-glucan 
content of Phytophthora infestans. Phytophthora infestans 
β-glucan content was assessed ten days after incubation (DAI) 
on pea agar medium in the absence (Control) and presence of 5 
g L− 1 tagatose (Tag), 5 g L− 1 glucose (Glu), 5 g L− 1 fructose 
(Fru) or 5 g L− 1 sucrose (Suc) and in the combination of 5 g L− 1 
tagatose with 5 g L− 1 glucose (Tag-Glu), 5 g L− 1 fructose (Tag- 
Fru) or 5 g L− 1 sucrose (Tag-Suc). The Kruskal-Wallis test 
showed no significant differences between the two experi-
mental repetitions (P > 0.05) and data from the two experi-
ments were pooled. Changes in β-glucan content were 
calculated as Log2 (fold change) values between sugar- 
incubated (Glu-, Fru-, Suc-, Tag-, Tag-Glu-, Tag-Fru- and Tag- 
Suc-incubated sample) and Control-incubated samples. Bars 
represent mean and standard error values of ten replicates 
from the two experiments for each treatment. Different letters 
indicate significant differences among treatments according to Kruskal-Wallis (P ≤ 0.05) on Log10-transformed β-glucan content. β-glucan content, expressed per unit 
of total proteins (mg mg− 1), is reported in Table S1.   
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succinic acid and HMG content. 
4. Discussion 
In this study, the interactions between tagatose and the metabolism 
of common sugars were investigated, in order to better understand its 
mode of action against P. infestans. The inhibitory effect of tagatose on 
P. infestans growth was associated with changes in the content of com-
mon sugars, such as a decrease in glucose and mannose content and an 
increase in sucrose, fructose and galactose content. An increase in 
β-glucan content and a decrease in glucose-1-P content and β-glucosi-
dase activity were also observed in Tag-incubated samples, indicating 
the complex effects of tagatose on the sugar metabolism of P. infestans. In 
particular, the decrease in glucose and glucose-1-P content suggested 
that tagatose could increase glucose catabolism or inhibit the metabolic 
pathways responsible for glucose synthesis. For example, the reduced 
β-glucosidase activity in Tag-incubated samples possibly contributed to 
the decrease in glucose content, since β-glucosidases are responsible for 
polysaccharide (e.g. cellulose and cellobiose) (Saha et al., 1994) and 
disaccharide (Dhake and Patil, 2005; Saha et al., 1994) hydrolysis. The 
positive correlations of radial growth with β-glucosidase activity and 
glucose-1-P content in the different incubation conditions tested, sug-
gested that glucose-related pathways are key metabolic targets of 
tagatose in P. infestans. 
The combination of tagatose with common sugars led to three 
different P. infestans responses and highlighted antagonistic interactions 
between tagatose and common sugars in the growth inhibition pro-
cesses. For example, P. infestans growth inhibition and metabolite 
changes caused by tagatose were partially attenuated by the presence of 
glucose. In particular, the decrease of glucose and mannose found in 
Tag-incubated samples was impaired in Tag-Glu-incubated samples. 
However, the decrease of β-glucosidase activity, glucose-1-P and the 
increase of β-glucan content were comparable in Tag-Glu- and Tag- 
incubated samples, highlighting that some tagatose effects were not 
affected by the presence of glucose. In Tag-Fru-incubated samples, 
P. infestans growth and β-glucosidase activity were restored and the 
metabolite changes caused by tagatose were impaired. In particular, 
glucose, glucose-1-P and mannose content was comparable in Tag-Fru- 
and Control-incubated samples, indicating that the presence of fruc-
tose impaired the effects of tagatose on P. infestans growth and sugar 
metabolism. Fructose is an epimer of tagatose and these sugars may 
compete for enzymatic catalytic sites through their similar chemical 
structures, as in the case of the mammalian fructokinase (Lu et al., 
2008). Conversely, the presence of sucrose did not attenuate the effects 
of tagatose. In particular, P. infestans growth, β-glucosidase activity and 
changes in glucose, glucose-1-P and β-glucan content were comparable 
in Tag-Suc- and Tag-incubated samples. Similar interactions between 
rare and common sugar metabolism were also described in S. mutans, 
where the tagatose-mediated growth retardation was attenuated by the 
presence of fructose, but not glucose, in a growth medium containing 
sucrose, indicating that tagatose inhibits sucrose catabolism and that 
fructose mitigates tagatose effects (Hasibul et al., 2018). Similarly, when 
tagatose was supplied alone, or combined with sucrose, there was an 
inhibition of the postprandial rise in blood glucose levels in mammals 
(Guerrero-Wyss et al., 2018; Lu et al., 2008), suggesting that tagatose 
inhibited sucrose hydrolysis. Since sucrose did not restore P. infestans 
growth and sugar metabolism, tagatose possibly inhibited sucrose 
transport or hydrolysis, reducing the availability of energy required for 
P. infestans growth. Tagatose can inhibit the activity of disaccharidases, 
such as the mammalian sucrase responsible for sucrose hydrolysis (Oku 
et al., 2014; Seri et al., 1995). Likewise, sorbose and arabinose inhibited 
the sucrase activity in mammal cells (Oku et al., 2014), suggesting 
common inhibitory effects of rare sugars on sucrose hydrolysis. How-
ever, tagatose effects were partially attenuated by the presence of 
glucose, suggesting that additional pathways were also affected down-
stream the sucrose hydrolysis. In particular, enzymes involved in the 
metabolism of glucose and its derivatives were possibly inhibited by 
tagatose, such as the β-glucosidase activity. However, further enzymatic 
processes may be involved in the inhibitory properties of tagatose on 
P. infestans, as found on the recombinant fructokinase and phospho-
mannose isomerase of Hyaloperonospora arabidopsidis (Mochizuki et al., 
2020). Some metabolic pathways were affected by tagatose indepen-
dently of the presence of common sugars. In particular, galactose and 
β-glucan content increased when tagatose was supplied alone or com-
bined with a common sugar. β-glucan is one of the main components of 
the cell wall in oomycetes (Bartnicki-Garcia and Wang, 1983) and 1,3-1, 
6 β-glucan acts as intracellular storage of carbohydrates (Bulone, 2009). 
Tagatose possibly affected the activity of the enzymes involved in 
β-glucan synthesis and/or degradation, leading to an accumulation of 
stored polysaccharides, as found for tagatose-1-phosphate and the 
glycogen metabolism in mammalian cells (Agius, 1994; Lu et al., 2008). 
Likewise, the UDP-glucose pyrophosphorylase activity, which is impli-
cated in β-glucan biosynthesis, can be increased by phosphonate treat-
ment in P. citrophthora (Barchietto et al., 1992). In addition to sugar 
metabolism, the content of tricarboxylic acid cycle intermediates was 
affected by the presence of tagatose. In particular, malic acid, succinic 
acid and α-ketoglutaric acid content was lower in Tag- and 
Tag-Suc-incubated samples compared to Control-incubated samples, 
suggesting that alterations of sugar metabolism (e.g. decrease of glucose 
and glucose-1-P content) were accompanied by a decrease in some key 
organic acids for P. infestans growth (Rodenburg et al., 2019). In 
particular, malic acid and succinic acid can be metabolised as an alter-
native carbon source in P. infestans when sugars are not available (Sa-
vory et al., 2018), suggesting that their catabolism can be affected by 
tagatose. 
The supply of a common sugar alone did not affect P. infestans 
growth, β-glucosidase activity, glucose-6-P content and, with some 
exception, glucose and glucose-1-P. However, an increase in sucrose, 
fructose and mannose content was found in Glu-, Fru- and Suc-incubated 
samples compared to Control-incubated samples. Phytophthora infestans 
Fig. 4. Effect of tagatose and common sugars on β-glucosidase 
activity of Phytophthora infestans. Phytophthora infestans 
β-glucosidase activity was assessed ten days after incubation 
(DAI) on pea agar medium in the absence (Control) and pres-
ence of 5 g L− 1 tagatose (Tag), 5 g L− 1 glucose (Glu), 5 g L− 1 
fructose (Fru) or 5 g L− 1 sucrose (Suc) and in the combination 
of 5 g L− 1 tagatose with 5 g L− 1 glucose (Tag-Glu), 5 g L− 1 
fructose (Tag-Fru) or 5 g L− 1 sucrose (Tag-Suc). The Kruskal- 
Wallis test showed no significant differences between the two 
experimental repetitions (P > 0.05) and data from the two 
experiments were pooled. The β-glucosidase activity units were 
expressed per unit of total proteins (U mg− 1). Bars represent 
mean and standard error values of six replicates from the two 
experiments for each treatment. Different letters indicate sig-
nificant differences among treatments according to Kruskal- 
Wallis (P ≤ 0.05).   
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can grow on a minimal medium augmented with a range of different 
carbon sources and it grows more efficiently in the presence of glucose, 
sucrose and fructose compared to mannose (Brouwer et al., 2014). Thus, 
P. infestans can modulate the metabolic pathways depending on the 
carbon source available and host colonisation (Rodenburg et al., 2019). 
For example, the addition of sucrose increased the expression levels of 
sucrase genes (Judelson et al., 2009) possibly to reinforce sucrose hy-
drolysis and limit common sugar accumulation in the cell. The β-glucan 
content was higher in Glu- and Suc-incubated samples compared to 
Control-incubated samples, suggesting that common sugar availability 
increased the carbohydrate storage in P. infestans. Likewise, 
P. cinnamomi grown on a glucose-rich substrate accumulated β-glucans 
(Zevenhuizen and Bartnicki-Garcia, 1970), to cope with possible periods 
of starvation, as described in other microorganisms(Wilson et al., 2010). 
5. Conclusions 
The interactions between tagatose and the common sugar meta-
bolism provided a better understanding of tagatose mode of action 
against P. infestans and revealed that growth inhibition was associated 
with a precise reprogramming of the carbohydrate metabolism with a 
decrease in glucose, glucose-1-phosphate and mannose content and 
β-glucosidase activity. The tagatose effects were partially attenuated by 
the presence of glucose, fully impaired by the presence of fructose and 
not influenced by the presence of sucrose. Thus, tagatose possibly 
inhibited sucrose catabolism, altered glucose-and organic acid-related 
pathways leading to P. infestans growth inhibition. Furthermore, this 
study provided useful information for the tagatose formulation as bio-
fungicide, indicating that the presence of fructose, or other common 
sugars, could interfere with its efficacy. The assessment of tagatose ef-
fects of on plant metabolism represents a further step in the efficacy 
evaluation, in order to verify possible implications on plant growth or 
plant resistance induction. Moreover, further transcriptomic and enzy-
matic studies are required to better identify cellular processes affected 
by this rare sugar. 
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infestans strain VB3. 
Appendix A. Supplementary data 
Supplementary material related to this article can be found, in the 
online version, at doi:https://doi.org/10.1016/j.micres.2021.126724. 
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